The Yersinia plasmid-encoded Yop virulon enables extracellular adhering bacteria to deliver toxic effector proteins inside their target cells. It includes a type III secretion system (Ysc), at least two translocator proteins (YopB, YopD), and a set of intracellular Yop effectors (YopE, YopH, YopO, YopM, and YopP). Infection of macrophages with a wild-type strain leads to low levels of tumor necrosis factor alpha (TNF-␣) release compared to infection with plasmid-cured strains, suggesting that the virulence plasmid encodes a factor impairing the normal TNF-␣ response of infected macrophages. This effect is correlated with the inhibition of the macrophage mitogen-activated protein kinase (MAPK) activities. To identify the Yop protein responsible for the suppression of TNF-␣ release, we infected J774A.1 and PU5-1.8 macrophages with a battery of knockout Yersinia enterocolitica mutants and we quantified the TNF-␣ released. Mutants affected in secretion (yscN), in translocation (yopB and yopD), or in synthesis of all the known Yop effectors (yopH, yopO, yopP, yopE, and yopM polymutants) were unable to block the TNF-␣ response of the macrophages. In contrast, single yopE, yopH, yopO, and yopM mutants behaved like the wild-type strain. A yopP mutant elicited elevated TNF-␣ release, and complementation of the yopP mutant or the yop effector polymutant strain with yopP alone led to a drop in TNF-␣ release. In addition, YopP was also responsible for the inhibition of the extracellular signal-regulated kinase2 (ERK2) and p38 MAPK activities. These results show that YopP is the Yop effector responsible for the Yersinia-induced suppression of TNF-␣ release by infected macrophages.
Pathogenic yersiniae (Yersinia pestis, Y. pseudotuberculosis, and Y. enterocolitica) possess a complex plasmid-encoded antihost system called the Yop virulon, which enables them to overcome the defense mechanisms of their host and to survive in the lymphoid tissues. This virulence apparatus allows extracellular adhering bacteria to deliver toxic effector proteins inside the target cells to damage them or disrupt their communications (for a review, see reference 14) . The Yop virulon is composed of four elements that are (i) a type III secretion machinery called Ysc (for a review, see reference 13), allowing the bacteria to secrete the Yop proteins upon contact with the eukaryotic target cell; (ii) a set of proteins (YopB, YopD, and LcrV) required to translocate the effector proteins inside the eukaryotic cells (9, 24, 39, 45, 48, 53, 54) ; (iii) a control and recognition system consisting of YopN and LcrG (9, 10, 19, 39, 45, 49) ; and (iv) at least five effector proteins, namely, YopE, YopH, YpkA-YopO, YopM, and YopP (9, 23, 39, 45, (53) (54) (55) . Recently, Holmström et al. (27) published data suggesting that the YopK protein of Y. pseudotuberculosis (YopQ in Y. enterocolitica) controls the size of the pore allowing translocation of Yop effectors into eukaryotic cells.
Until now, the intracellular action of each of the five translocated Yop effectors has not been completely elucidated. YopE, the first Yop effector to be shown to be targeted inside eukaryotic cells (45, 54) , causes the destruction of the actin microfilament structures (44) , but its molecular target as well as its enzymatic activity remain unknown. YopH, which is the effector that has been characterized best, is a protein tyrosine phosphatase (22) that acts on eukaryotic proteins such as the focal adhesion kinase and p130Cas (6, 38) . YpkA-YopO is a serine-threonine kinase (20) whose target remains unknown. The enzymatic activities of YopM and YopP have not been identified yet. The Yop effectors act in concert to disarm the macrophages. For example, both the YopE cytotoxin and YopH contribute to impair phagocytosis (18, 42, 43) . YopH is also involved in the inhibition of the respiratory burst of professional phagocytes (7, 26) .
The release of cytokines is an important part of the immune response against an infection, and several studies have described the importance of tumor necrosis factor alpha (TNF-␣), gamma interferon (IFN-␥), and interleukin-12 (IL-12) in the immune response against Yersinia (1, 2, 8, 36) . Indeed, in vivo neutralization of TNF-␣ or IFN-␥ exacerbates the Yersinia infection (1) (2) (3) . IL-12 also plays an essential role in the resistance against Y. enterocolitica infection by triggering the production of IFN-␥ in natural killer and T cells (8) . Wild-type yersiniae impair the normal TNF-␣ response of infected macrophages (4, 36, 37, 46) , and this effect has been recently correlated to the inactivation of the macrophage mitogen-activated protein kinases (MAPKs) extracellular signal-regulated kinase (ERK1/2), p38, and c-Jun NH 2 -terminal kinase (JNK) (46) . Yersiniae not only perturb the cytokine release of macrophages but also prevent T84 colon epithelial cells from releasing IL-8, which is a potent chemoattractant for polymorphonuclear neutrophils (51) .
The Yersinia-induced suppression of TNF-␣ release has been attributed to various proteins. First, Nakajima and Brubaker (36) showed that mice infected with wild-type Y. pestis produce much less TNF-␣ than mice infected with Y. pestis cured of the pYV plasmid, indicating that a factor suppressing TNF-␣ synthesis is encoded by the pYV plasmid. Their further studies suggested that LcrV plays a critical role in this process (36, 37) . Another study, conducted with cultured macrophages, confirmed that virulent Yersinia suppresses TNF-␣ release but identified the YopB protein as being responsible (4).
Since both YopB and LcrV are involved in the translocation machinery (9, 24, 48) , one can speculate that their role is to translocate an intracellular effector that is responsible for suppression of TNF-␣ release. We thus decided to identify this effector with a series of knockout yop mutants. We show here that YopP is involved in this inhibition of TNF-␣ release by infected macrophages and that it is also involved in the inactivation of the ERK2 and p38 MAPK.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. This work was carried out with Y. enterocolitica E40(pYV40) (53) , its isogenic ampicillin-sensitive derivative MRS40(pYV40) (49) , and their various nonpolar mutants. The plasmids used here are listed in Table 1 . Bacteria were grown in brain heart infusion; after overnight preculture, bacteria were diluted 1/20 in fresh brain heart infusion and allowed to grow for 30 min at room temperature, and synthesis of the Yop virulon was induced by incubation for 150 min at 37°C before infection.
Construction of the yopQ mutant. To mutagenize yopQ (33), we first amplified the gene by PCR with the amplimers Mipa 468 (5Ј-CGAAGATCTCACTCGT AGTGACGG-3Ј), introducing a BglII site, and Mipa 469 (5Ј-GGCAAGCTTTA ATATAGCTTCATCCC-3Ј), introducing a HindIII site. The BglII-HindIII fragment was cloned into the BamHI-HindIII sites of pBluescript (KSϪ), yielding plasmid pABL1. By site-directed mutagenesis on plasmid pABL1 with the oligonucleotide Mipa 470 (5Ј-GCCGACTGTTCAAGAATTCGCGGTACATAA AGCAC-3Ј), we introduced an EcoRI site and a frameshift leading to a STOP codon after 17 amino acids of YopQ (yopQ 17 ). A SalI-XbaI fragment of the resulting plasmid pABL2 was then cloned in the same sites of the pro-suicide vector pMRS101, yielding plasmid pABL3. Deletion of the NotI fragment of pABL3 gave pABL4, the yopQ mutator plasmid. The yopQ 17 allele was crossed into the pYV plasmid of Y. enterocolitica MRS40(pYV40), yielding strain MRS40 (pABL402).
Construction of the polymutant strains. To construct the yopHOPEM polymutant strain, the yopE, yopH, yopO, yopM, and yopP genes were successively knocked out by allelic exchange in the MRS40 strain by using the suicide vectors pMRS101 and pKNG101 (30, 47) . The various deletions are described in Table  1 . The yopE gene was first mutated with the mutator pPW52 (59), yielding strain MRS40(pAB4052). Mutation of the yopH gene in this strain with the mutator pAB31 (34) yielded the double yopEH mutant MRS40(pAB404). The triple yopEHO mutant MRS40(pAB405) was then obtained by allelic exchange with the mutator pAB34 (34) . We then mutated the yopP gene with mutator pMSK7 (34) , yielding the yopEHOP mutant MRS40(pMSK46). The yopHOPEM strain MRS40(pABL403) was finally obtained by allelic exchange with the yopM mutator pAB38 (34) . The yopHOPEMB polymutant was obtained by mutation of yopB (mutator pPW75 [51] ) in strain MRS40(pMSK46), leading to strain MRS40 (pMSK47), followed by mutation of yopM (mutator pAB38), leading to strain MRS40(pAB409).
Eukaryotic cell growth and infection conditions. PU5-1.8 (ATCC TIB 61) and J774A.1 (ATCC TIB 67) mouse monocyte macrophage cell lines were routinely grown in RPMI 1640 medium (Seromed) supplemented with 10% fetal bovine serum (Gibco) and streptomycin (100 g/ml) at 37°C under 8% CO 2 . At 20 h before infection, cells (5 ϫ 10 5 cells/ml) were seeded either in 24-well tissue culture plates (1 ml/well) for the TNF-␣ assays or in 6-well tissue culture plates (4 ml/well) for the MAPK assays. At 1 h prior to infection, cells were washed once with RPMI and incubated further in RPMI without fetal bovine serum. Cells were then infected at a multiplicity of infection of 20 with bacteria grown for 30 min at room temperature and 150 min at 37°C. Following a 90-min infection period, gentamicin was added at a final concentration of 30 g/ml for 2 h to kill extracellular bacteria.
TNF-␣ assay. The amount of TNF-␣ released into RPMI culture supernatant was evaluated by a cytotoxic assay (5, 25) performed with the TNF-␣-sensitive cell line WEHI 164 clone 13 (17) . Briefly, 50 l of cell culture supernatant was incubated with 50 l of a mixture containing 30,000 WEHI cells, 2 g of actinomycin D (Janssen Chemica) per ml, and 40 mM LiCl (UCB). After 20 to 24 h of incubation at 37°C, 50 l of a 2.5-mg/ml solution of MTT [(3,(4,5-dimethylthiazol-2-yl)2,5-diphenyl-tetrazolium bromide)] (Merck & Co.) in phosphatebuffered saline was added to each well. After 2 h of incubation at 37°C, formazan crystals were dissolved by addition of 100 l of lysis solution prewarmed to 37°C (2 volumes of 30% sodium dodecyl sulfate [SDS] and 1 volume of N,N-dimethyl formamide [DMF]); pH adjusted to 4.7 by adding 2.5% of 80% acetic acid and 0.25% 1 N HCl). After overnight incubation at 37°C, the optical density was read at 570 nm (reference wavelength, 650 nm). The standard curve was determined with rTNF-␤ (R and D Systems, Minneapolis, Minn.). For all of the experiments, the results were expressed as the percentage of the maximal response obtained. Since this cytotoxic assay measures a TNF-␣-like activity, we also quantified the TNF-␣ release with a commercial enzyme-linked immunosorbent assay (ELISA) kit (Biotrak; Amersham).
Immunoprecipitations, immunoblotting, and MAPK assays. J774A.1 macrophages were infected with bacteria as described above. The culture supernatant was removed and centrifuged for 5 min to collect the cells that had detached during the infection period. Cells were lysed with 200 l of cell extraction buffer (50 mM Tris [pH 7.5], 100 mM KCl, 1 mM Na 3 VO 4 , 10 mM NaF, 10 mM sodium pyrophosphate, 15 mM sodium ␤-glycerophosphate, 1 mM EGTA, 1 mM EDTA, 1% Triton X-100, 270 mM sucrose, 1 mM dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride, leupeptin [2 g/ml; Sigma], aprotinin [2 g/ml; Sigma]). The pellet obtained after centrifugation of the culture supernatant was lysed with 50 l of cell extraction buffer and added to the cell lysate. After centrifugation, the supernatant was collected and quickly frozen in liquid nitrogen. A Bradford assay was performed to evaluate the amount of protein present in each sample. The samples were stored at Ϫ80°C until immunoprecipitation was performed. To immunoprecipitate the MAPK, 300 g of protein was diluted to a final volume of 500 l in cell extraction buffer and then incubated with 1 g of anti-ERK2 (Santa Cruz sc-154) or anti-p38 (Santa Cruz sc-535) antibodies for 1 h at 4°C. Then 40 l of protein A-Sepharose beads was added for 2 h (4°C).
For the immunoblotting assays, beads were washed twice with cell extraction buffer and then mixed with SDS-polyacrylamide gel electrophoresis (PAGE) loading buffer. Proteins were separated on an SDS-12% PAGE gel and transferred to a nitrocellulose membrane. The membrane was then blocked with 5% nonfat dry milk in phosphate-buffered saline before probing with the anti-ERK2 or anti-p38 antibodies (dilution, 1/2,000). Immunoreactive bands were visualized by incubation for 1 h with goat anti-rabbit antibodies (1/1,000 dilution; Dako) conjugated to horseradish peroxidase followed by revelation with enhanced chemiluminescence reagents (Pierce).
For the MAPK assays, the beads were washed twice with cell extraction buffer and once with reaction buffer (10 The reaction was stopped by addition of 25 l of SDS-PAGE loading buffer and boiling for 5 min. Proteins were separated on an SDS-15% PAGE gel; the stained and dried gel was then subjected to autoradiography. For quantification, the gel was dried and analyzed with a phosphorimager.
RESULTS
Functional type III secretion and translocation mechanisms are required for the suppression of TNF-␣ release by infected macrophages. We first infected J774A.1 mouse monocytes/ macrophages with the wild-type Y. enterocolitica E40(pYV40) strain and its isogenic yscN secretion mutant E40(pMSL41) (53, 60) ; after infection, the amount of TNF-␣ released in the cell culture supernatant was quantified by a biological assay with the TNF-␣-sensitive WEHI 164 clone 13 cell line (17) . Figure 1 shows that the TNF-␣ released upon infection with the wild-type strain was much lower than with the secretion mutant (yscN), thus confirming that a secreted Yop protein is involved in the inhibition of TNF-␣ release (46) . We next tested yopB and yopD mutants to determine whether some Yop proteins need to be translocated into the cytosol of eukaryotic cells to trigger this phenomenon. The amount of TNF-␣ detected in the cell culture supernatants was comparable to that obtained with the secretion mutant (Fig. 1) , indicating that a functional translocation apparatus is required for suppression of TNF-␣ release and thus suggesting that one or more Yop effectors are translocated to trigger the phenomenon. Similar results were obtained upon infection of PU5-1.8 macrophages (data not shown).
YopP is involved in the inhibition of TNF-␣ release by infected macrophages. To identify the Yop effector protein(s) responsible for the suppression of TNF-␣ release, both nonpolar mutants unable to synthesize the known effector proteins (YopE, YopH, YopO, YopM, and YopP) and a yopQ mutant were used to infect J774A.1 macrophages. The amounts of TNF-␣ detected upon infection with yopE, yopH, yopO, yopM, and yopQ mutants were comparable to those obtained with the wild-type strain. The only mutant that elicited a higher amount of TNF-␣ was the yopP mutant (Fig. 1) . In order to complement the yopP mutation, plasmid pMSK13 (34) was introduced in trans in the yopP mutant. This complemented strain expresses yopP under the control of the strong yopE promoter and secretes higher amounts of YopP than the wild-type strain (34) . Infection of J774A.1 macrophages with this complemented strain (yopP/P ϩϩ ) led to very low levels of TNF-␣ secretion, even lower than those observed after infection with the wild-type strain (Fig. 1) . Again, similar results were obtained with the PU5-1.8 cell line (data not shown). Since the biological assay measures a TNF-␣-like activity, the amount of TNF-␣ released was also quantified by an ELISA to confirm that our biological assay was specific; all the single yop effector mutants were tested, as well as secretion and translocation mutants, and the pattern of TNF-␣ release appeared to be the same as that observed with the biological assay (data not shown). Taken together, these results indicate that the YopP effector is involved in the inhibition of TNF-␣ release by infected macrophages.
Infection of macrophages with a Y. enterocolitica polymutant strain overexpressing yopP. To confirm the role of YopP in the inhibition of TNF-␣ release, we constructed a Y. enterocolitica polymutant strain in which all the genes encoding known Yop effectors (YopE, YopH, YopO, YopM, and YopP) are mutated. Introduction of a plasmid encoding only one Yop protein in this yopHOPEM strain allows the overexpression of the protein of interest with a minimal background and avoids any interference due to the other known effectors. As a negative control, we constructed the yopHOPEMB mutant, which does not allow translocation of effector Yop proteins. We then introduced plasmid pMSK13, which overexpresses yopP, in both strains, and we infected J774A.1 macrophages. The wild-type strain, the yopB and yopP single mutants, and the yopHOPEM and yopHOPEMB polymutant strains were used as controls. As shown in Fig. 2 , infection with the polymutant strains led to high levels of TNF-␣ release comparable to those obtained with the yopB mutant. Infection with the yopHOPEM strain overexpressing yopP (yopHOPEM/P ϩϩ ) induced levels of TNF-␣ as low as those seen with the complemented yopP   FIG. 1 mutant. Again, these values were lower than those obtained with the wild-type strain. On the other hand, infection with the yopHOPEMB strain overexpressing yopP (yopHOPEMB/P ϩϩ ) led to the release of levels of TNF-␣ as high as those recorded with the translocation mutant or the noncomplemented polymutant strains. These experiments indicated that YopP is the only Yop effector involved in the inhibition of TNF-␣ release and that it needs to be translocated into eukaryotic cells to play this role.
YopP has an effect on the ERK2 and p38 MAPK activities. While this study was in progress, Ruckdeschel et al. (46) showed that infection of J774A.1 macrophages with a virulent Y. enterocolitica strain led to the inactivation of the ERK1/2, JNK, and p38 MAPKs. They also showed that this MAPK inactivation parallels the inhibition of TNF-␣ release by the infected macrophages, suggesting that the suppression of the TNF-␣ release occurs through the inhibition of the MAPK activities. In order to see if YopP could also interfere with the MAPK cascades, we tested the ERK2 MAPK activity after infection with our various Y. enterocolitica strains.
After infection of J774A.1 cells with the wild-type strain, the yscN secretion mutant, or the yopB translocation mutant, we prepared cell extracts, immunoprecipitated the ERK2 MAPK, and performed a kinase activity assay with [␥-32 P]ATP and MBP as a substrate. To make sure that the phosphorylation of the MBP detected was really due to the immunoprecipitated ERK2 MAPK, we included control samples without anti-ERK2 antibodies. Figure 3B shows that the activity of the ERK2 MAPK isolated from macrophages infected with the wild-type strain was very weak. On the other hand, assays performed with lysates of macrophages infected with either the yscN or the yopB mutant indicated a high level of activity of ERK2. This first result confirmed that wild-type Yersinia has an inhibitory effect on the ERK2 MAPK activity and that functional secretion and translocation mechanisms are required for this effect. Figure 3A shows that the same amounts of ERK2 were immunoprecipitated in the different samples.
We then repeated the experiment with macrophages infected with either the yopP mutant or the complemented mutant (yopP/P ϩϩ ). Figure 3B shows that the ERK2 kinase activity was higher after infection with the yopP mutant than after infection with the wild-type strain and that the inhibitory effect could be restored by complementing the mutation in trans. Again, the same amounts of ERK2 were immunoprecipitated in the different samples, as assessed by immunoblotting (Fig.  3A) . Since the level of activation of the ERK2 MAPK after infection with the yopP mutant was not as high as after infection with a yscN or a yopB mutant, we decided to repeat the experiment and to quantify this difference with a phosphorimager. The result of this experiment (expressed in phosphorimager units after subtraction of the background) shows that the amount of MBP radiolabeled by the lysate of cells infected with the yopP mutant (223,500 U) was indeed intermediate between the amounts obtained after infection with the wildtype strain (179,500 U) and after infection with the yopB mutant (305,800 U). The complementation of the yopP mutation with plasmid pMSK13 restored the same low level of activation as that observed with the wild-type strain (172,800 U), indicating that YopP affects the ERK2 MAPK activity. Results obtained with the yopHOPEM and yopHOPEMB polymutant strains overexpressing yopP lead also to the conclusion that YopP is involved: the ERK2 MAPK was inhibited upon infection with the yopHOPEM/P ϩϩ strain but not with the yopHOPEMB/ P ϩϩ strain (Fig. 4A) . Since in each case the amounts of immunoprecipitated ERK2 MAPK were equivalent (data not shown), these results really reflect the activation state of the ERK2 protein.
We also monitored the influence of YopP on the activation of the p38 MAPK. We infected J774A.1 macrophages with the yopHOPEM/P ϩϩ and yopHOPEMB/P ϩϩ strains, and we performed MAPK assays of immunoprecipitated p38 instead of ERK2. As shown in Fig. 4A , bacteria producing YopP but no other Yop effector did not activate the p38 MAPK. In contrast, the isogenic strain deprived of the translocator YopB did ac- 
FIG. 4.
YopP is involved in the inhibition of the p38 MAPK. After infection, the ERK2 or p38 MAPK was immunoprecipitated from the lysate of cells infected with the yopHOPEM/P ϩϩ strain (lanes 1), the yopHOPEMB/P ϩϩ strain (lanes 2), the yopHOPEM strain (lane 3), or the yopHOPEMB strain (lane 4). The immunoprecipitated proteins were added to a kinase assay in the presence of [␥-
32 P]ATP and with MBP as a substrate. Proteins were then separated by SDS-PAGE (15%), and the gel was subjected to autoradiography. Panels A and B correspond to two separate experiments. ERK2 and p38, the antibodies used for immunoprecipitation; none, the control samples without immunoprecipitating antibodies. A strong labeling of the MBP indicates a high kinase activity of the immunoprecipitated ERK2 and p38 MAPKs. tivate p38. In each case, the amounts of immunoprecipitated p38 were equivalent, as assessed by immunoblotting with antip38 antibodies (data not shown). Moreover, infection of macrophages with either the yopHOPEM or the yopHOPEMB strains led to high levels of p38 MAPK activation (Fig. 4B) , showing that the reduction in MAPK activity observed with the yopHOPEM/P ϩϩ strain is really due to expression of YopP. Taken together, these results show that the YopP protein is the only effector Yop involved in the inhibition of the ERK2 and p38 MAPK activities in Yersinia-infected macrophages.
DISCUSSION
TNF-␣ is a key cytokine in the development of the host's immune and inflammatory response to infection. Secreted mainly by macrophages, TNF-␣ acts on various cell types involved in the host's defense mechanisms. It stimulates the microbicidal activity of macrophages and polymorphonuclear neutrophils, and it acts on natural killer cells together with IL-12 to provoke the release of IFN-␥, which further increases the microbicidal activity of macrophages. In addition, it induces the expression of adhesion molecules on endothelial cells, and it is chemotactic for monocytes, contributing to the amplification of the inflammatory response (for a review, see reference 58). The ability of macrophages to produce TNF-␣ thus appears to be a critical step in the activation of the first line of defense against foreign organisms, and it is not surprising that several pathogens have evolved virulence mechanisms interfering with the host's cytokine responses. Interference with the TNF-␣ production has been reported for various pathogens, among which are several bacteria, such as brucellae (11, 12) , Listeria monocytogenes (15) , Mycobacterium avium (50) , and Bacillus anthracis (28) . In the case of brucellae, it could be shown that after ingestion by the macrophages they prevent the induction of TNF-␣ synthesis by releasing a protein (12) . Perturbations of the TNF-␣ response are also induced by parasites such as Leishmania donovani (16) and by viruses (21, 52) .
The importance of TNF-␣ in clearing a Yersinia infection (2) and the suppression of TNF-␣ release by virulent Yersinia (4, 36, 37, 46) are well established. We have confirmed here that type III secretion is required for the latter phenomenon to occur. In addition, we showed that functional translocation machinery (i.e., YopB and YopD) is required, implicating a translocated Yop effector in the suppression of TNF-␣ release. In good agreement with this hypothesis, we observed that a nonpolar yopP mutant induced the same level of TNF-␣ release as secretion or translocation mutants. The yopP mutation could be complemented in trans, and these observations could be repeated with a Y. enterocolitica polymutant strain overexpressing yopP but no other known Yop effector. These data show that YopP is the only Yop effector involved in the inhibition of TNF-␣ release by Y. enterocolitica-infected macrophages.
Previous studies (36, 37) suggested a role for LcrV in this phenomenon. An lcrV mutant (48) was included in our study (data not shown) and gave the same results as the translocation mutants (yopB and yopD); however, this result can simply be explained by the fact that an lcrV mutant is unable to secrete the YopB and YopD translocators (48) , which are absolutely required for the phenomenon to occur. In the study by Ruckdeschel et al. (46) , a strain either expressing the secretion machinery and the YopB, YopD, LcrV, and YopN proteins or expressing the secretion machinery and the YopB, YopD, LcrV, YopN, YopE, and YopH proteins, as well as the YadA adhesin, gave the same results as nonvirulent bacteria, indicating that LcrV is not the only protein required. The YopB protein has also been proposed to be responsible for the suppressive effect of Yersinia on TNF-␣ release (4). However, as mentioned above, strains expressing the secretion machinery and the YopB protein do not induce suppression of TNF-␣ release, indicating that YopB alone is not responsible for the phenomenon (46) . Moreover, our results indicated that YopB plays an indirect role, acting as a translocator to allow intracellular targeting of YopP, the actual effector.
Several studies have reported a link between TNF-␣ production and MAPK activation (31, 32, 40, 41, 57, 61) . Recently, Ruckdeschel et al. (46) suggested a correlation between the inhibition of TNF-␣ release and the inhibition of ERK1/2, p38, and JNK MAPK activities in macrophages infected by Y. enterocolitica. Our results also indicated that the activation state of the ERK2 MAPK was different upon infection with a wildtype strain or with translocation-defective mutants; moreover, we found that YopP is the effector involved in the inhibition of the ERK2 MAPK activity. Experiments performed with the polymutant strains showed that YopP is also involved in the lack of activation of p38. However, the observed difference in ERK2 activation is higher between the wild-type-and the yscN or yopB mutant-infected cells than between the wild-type-and the yopP mutant-infected cells. This could be explained in several ways. First, another translocated Yop could also reduce the MAPK activity. This hypothesis is weakened by the observation that YopP alone fully complements a yopHOPEM mutant for MAPK activity. Another explanation would be that the secretion and translocation mutants are more phagocytosed than the wild-type bacteria and than the yopP mutant (42, 43; data not shown). However, variations in the levels of internalization cannot account for the observed differences in the MAPK activities, since a yopHOPEM and the yopHOPEM/P ϩϩ strains are internalized to the same level (gentamicin protection assay [29] ; data not shown) although they induce a dramatic difference in the MAPK activities (Fig. 4) . The same argument can be extended to the yopP mutant and the yopP/P ϩϩ strain, which are also phagocytosed to the same extent (data not shown). These observations indicate that the increase in MAPK activity occurring upon infection with the yopP mutant is not due to an increased level of internalization of bacteria but to an intracellular action of the protein.
Activation of the MAPKs results from a sequential stimulation of several cytoplasmic protein kinases such as Raf-1 and MEK1/2 (mitogen activated, ERK-activating kinases) in the case of the ERK1/2 MAPKs. It is not yet known at what stage of the MAPK activation cascade Yersinia exerts its inhibitory effect. Ruckdeschel et al. (46) presented data suggesting that the inhibition of the MAPK activities occurs at least partially via a decrease in the activities of upstream kinases even to the level of Raf-1. The elucidation of the actual target of YopP and of its mechanism of action requires further investigation.
It was recently shown that yersiniae that infect macrophages are able to induce the death of their target cell by triggering apoptosis (34, 35) . The induction of apoptosis requires functional secretion (34, 35) and translocation machineries (34) . YopP in Y. enterocolitica and YopJ, its homolog in Y. pseudotuberculosis, were identified as being responsible for the triggering of apoptosis (34, 35) . The fact that apoptosis and inhibition of TNF-␣ release involve the same Yop effector suggests that the reduction of TNF-␣ release could be a consequence of the cell death caused by the YopP protein. It remains to be determined if both phenomena are consequences of each other or are independent processes resulting from a single or distinct signaling event(s).
